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ABSTRACT 
Carbon Dioxide Toxicity in Wheat 
by 
Robert Spanarkel, Master of Science 
Utah State University, 1991 
Major Professor: Dr. Bruce Bugbee 
Department: Plants, Soils, and Biometeorology 
Vil 
This research was conducted to quantify short- and long-term effects of 
atmospheric carbon dioxide on wheat. Growth, development, and yield of the 
spring wheat cultivar Veery-10 were measured in response to CO2 concentrations 
of 340 (ambient), 1200, and 2500 µ.mol moI-1 of CO2 air. These 3 CO 2 levels were 
chosen to provide a control group, a predicted optimal CO2 environment, and a 
potentially toxic CO2 environment, respectively. A recirculating hydroponic system 
provided a near-optimal root-zone environment that was identical for all CO 2 
treatment levels. Environmental factors, other than CO2, were controlled at near 
optimal levels, although photosynthetic photon flux was actually suboptimal and 
higher levels would increase growth. Standard growth analysis procedures were 
used to measure growth rates and carbon partitioning to leaves, stems, and roots. 
Yield components were measured on mature plants. Because elevated CO2 levels 
may increase growth by increasing radiation absorption or by increasing photosyn-
Vlll 
thetic efficiency, measurements of absorbed photosynthetic photon flux were 
calculated from measurements of incident, reflected, and transmitted 
photosynthetic photon flux. Growth and yield were increased by the 1200 µmol 
moI-1 of CO 2 in air treatment in all trials. Growth and yield were reduced by the 
2500 µmol moI-1 treatment in both long-term trials, but growth was not reduced by 
this treatment in two short-term trials. These data indicate that CO 2 is toxic to 
wheat at 2500 µmol moI-1 (0.25% ), but the effects are not expressed until the last 
half of the life cycle. (56 pages) 
INTRODUCTION 
Although CO 2 makes up less than .034 % of the total atmospheric gases, its 
central role in photosynthesis and plant growth makes it extremely important. 
The concentration of atmospheric CO 2 has increased 21 % over the last 200 years 
(Woodward, 1987; Post et al., 1990) and is rising at an increasing rate. The 
increased interest in environmental effects of higher atmospheric CO 2 levels has 
prompted much recent research on the subject. 
Kimball (1983) thoroughly reviewed the research on the effects of elevated 
CO 2 levels on yield and concluded that while CO2 enrichment effects are 
complicated by varying light levels, temperature interactions, nutrient levels, and 
water availability, the overall predicted effect on crop plants is an increase in yield 
of 33% if the present level of atmospheric CO2 doubles to 680 µmol mol -1 of CO2 
in air (680 ppm; 0.068%). Cure and Acock (1986) also reviewed a broad range of 
CO 2 enrichment studies and used statistical analysis to determine how well 
models could predict crop responses to increased CO2 levels . They concluded that 
it is difficult to predict some of the effects of CO2 enrichment due to a lack of 
data concerning the interaction of other environmental factors and CO 2 
enrichment. They further concluded that differences in experimental design 
complicate the results and increase variability. There is evidence that the 
variability is simply due to "normal" experimental error even in controlled 
environment studies (Hammer, 1978). Better measurement of the factors 
influencing plant growth in controlled environment experiments may help to 
explain some of the results. Cure and Acock (1986) also concluded that although 
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key physiological responses of crops to CO2 enrichment are understood in 
controlled environments, more research is needed to develop models for field 
conditions. Enrichment studies that do not take precautions to remove 
contaminants from the CO 2 supply system ( especially ethylene) may result in 
unreliable results (Morison and Gifford, 1984). The effects of CO 2 enrichment 
may be further complicated by genetic differences between related genera 
(Oberbauer et al., 1985) and even between cultivars of a species (Cooper and 
Brun , 1967). In a study of wheat responses to CO 2 enrichment, Musgrave and 
Strain (1988) reported differences in growth for two wheat cultivars but did not 
necessarily attribute this to genetic differences. In an earlier study of peas, 
Musgrave et al. (1986) did report differences in growth response to CO2 
enrichment due to specific genetic traits. Differences in photosynthate production 
and storage have also been reported for two species of tomato (Yelle et al., 
1989a). 
Increased yields in wheat due to CO2 have been attributed to an increase in 
heads per plant (Fischer and Aguilar, 1976; Gifford, 1977; Gifford, 1979; Sionit et 
al., 1980; Havelka et al., 1984; ) or to an increase in grains per spikelet (Fischer 
and Aguilar, 1976). The increased yield due to an increase in heads per plant is 
attributed to increased tillering at the higher CO 2 levels. 
An interaction between CO 2 level and time in the life cycle of wheat in which 
the treatment begins was reported by Krenzer and Moss (1975). These inter-
actions involved treatment beginning at (a) the vegetative stage prior to floral 
initiation, (b) the floral initiation to anthesis, and ( c) the development of grain 
from anthesis through maturity. The study also took temperature effects into 
consideration by using two growth chambers at different temperatures as well as 
through a field study with plants grown in CO 2 enriched polyethylene enclosures. 
Yields were not increased in all high CO 2 environments, and plant response may 
be dependent on when treatment occurs and the ambient temperature. 
Oberbauer et al. (1985) found that CO2 fertilization increased total leaf area 
and specific leaf weight in two tropical arboreal species, and the effect was so 
pronounced it was possible to visually observe the increased growth. Jolliffe and 
Ehret (1985) reported no increase in leaf area due to CO 2 enrichment for bean 
plants, however. Knight and Mitchell (1988) reported an increase in leaf area 
with increased CO 2 concentration at different light levels. Increased leaf area 
should increase radiation absorption. An increase in absorbed radiation would 
lead to an increase in canopy photosynthesis and thus increase the growth rate 
(Neales and Nicholls, 1978; Green, 1987; Bugbee and Salisbury, 1988; Bugbee and 
Salisbury, 1989a; Gallagher and Biscoe, 1978). The increased growth rate of 
plants grown under higher CO2 levels may not be maintained for the duration of 
the life cycle, however (Peet, 1986; Baker et al., 1990; Yelle et al., 1990). 
Varying environmental conditions make it difficult to draw conclusions from 
studies in the field on the effects of CO 2 enrichment (Sionit et al., 1984). 
Maintaining a constant CO 2 level is difficult even under more controlled 
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greenhouse conditions. Controlled environment research can provide more 
fundamental and reproducible data than field studies. 
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The possibility for increased profits prompts research involving higher CO 2 
levels for greenhouse-grown ornamental species such as roses (Zieslin and Halevy, 
1972) and increases in the number of flowering shoots of roses were reported by 
Hand and Cockshull (1975). 
The least investigated area of CO2 research involves possible toxic effects of 
high CO2 levels. In a very thorough review, Mortensen (1987) concluded that 
enrichment above 900 µmol moI-1 may not be beneficial and may indeed produce 
harmful effects. A particularly relevant study referred to CO 2 toxic effects in basil 
as being a COi-induced disease (Wallick, 1990). Carbon dioxide toxicity may be 
caused by a decline in photosynthesis, possibly as a result of feedback inhibition as 
photosynthesis exceeds sink capacity, or by a decrease in ribulose-bisphosphate 
car boxy lase (Rubisco) activity. Previous studies have reported the following toxic 
effects: 
1. Leaf rolling and deformation with an increased tendency to necrosis and 
withering as CO2 is increased (Madsen, 1974; Van Berkel, 1984) 
2. Decline of activated Ribulose bis-phosphate carboxylase (Rubisco) (Yelle 
et al., 1989b) 
3. Decreased photosynthesis due to decreased stomata} conductances, 
decreased Rubisco, and carbonic anhydrase activities (Peet et al., 1986; 
Sage et al., 1988) 
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4. Reduced nutrient concentration of plant tissue (Fajer et al., 1989). 
a decrease in stomata! density (Woodward, 1987) 
5. Reduced photosynthetic rate correlated with high internal (non-stomata!) 
resistances and high leaf starch accumulation (Woltz, 1969; Woltz and Engelhard, 
1971; Cave et al., 1981; Ehret and Jolliffe, 1985a; Sasek et al., 1985; Yelle et al., 
1989a) or possible chloroplast deformation by starch grains (Delucia et al., 
1985) 
6. Inhibition of photosynthesis by an accumulation of soluble sugars (Azcon-
Bieto, 1983) 
7. Leaf chlorosis and a decline in photosynthesis (Van Berke!, 1984; Ehret 
and Jolliffe, 1985b; Wallick, 1990) 
High CO 2 levels do not appear to be toxic in short-term studies. 
Measurements of canopy photosynthesis have indicated higher photosynthesis 
rates at 2500 than at 1400 µmol moJ-1 CO2 in air (Meek, 1990). Bugbee (1985) 
reported a slight increase in vegetative growth at 1800 µmol moJ-1 compared to 
700 µmol moJ-1, in a 30-day study. However, the higher CO2 level reduced total 
biomass and yield at harvest on day 80. 
The objective of this study was to investigate wheat responses to elevated 
levels of CO 2 in an environment where the other environmental factors are 
controlled at near optimal levels. Previous studies on the growth of wheat at 
higher than ambient levels of CO2 have generally used levels less than 1500 µmol 
mol-1, which is probably not high enough to be toxic. This study used 2500 µmol 
moJ-1 to study possible toxic effects. 
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MATERIALS AND METHODS 
Foliar Environment 
Plants were grown in six individual Plexiglas cylinders (30 cm diameter x 50 
cm tall), which were placed inside a growth chamber. Four trials were conducted 
as follows: two trials harvested at physiological maturity, one trial harvested at 
canopy closure, and one trial harvested at anthesis. 
Radiation 
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Photosynthetic photon flux (PPF) was 400 µmol m-2 s-1 measured inside the 
cylinder at the base and 600 µmol m-2 s-1 at the top. PPF measurements were 
made using a calibrated Gallium-Arsenide photovoltaic cell ( output of 59.5 m V 
per µmol m-2 s-1), and three 10 second averages were made. The photoperiod was 
24 h ( continuous light). The middle two cylinders were partially shaded at their 
tops with a single layer of fiberglass screen after the 70 d trial to maintain 
identical PPF levels in all cylinders. In addition, all six cylinders were surrounded 
by a double layer of fiberglass screen after the 70 d trial to reduce guard-row 
effects, that is, increased interception of radiation and thus higher growth rates of 
those plants growing on the edge of the plant canopy. This was done when the 
seedlings were transferred to the cylinders approximately five days after 
germination, and the screen was raised as the plants grew. 
Temperature 
The chamber temperature was set at 25 + 1 ° C (until canopy closure) and 
subsequently lowered to 23 + 1 ° C until maturity. Although CO 2 effects are 
typically larger at higher temperatures, wheat has a broad temperature optimum 
and the temperature/CO 2 interaction should be small. 
Wind Speed 
8 
A 3.5 x 3.5 cm fan inside and at the top of each cylinder was used to mix the 
air at a wind speed of approximately 0.5 m s-1• This also reduced condensation 
forming on the inside cylinder walls. 
Relative Humidity 
Relative humidity was increased for approximately the first 15-20 days by 
bubbling outside air through deionized water in 2-L plastic bottles before it 
entered the chamber. Humidity was measured with a Visala humidity sensor and 
maintained at approximately 60% in all cylinders. 
Carbon Dioxide 
The level of CO2 enrichment was controlled using rotameters that metered 
pure CO 2 from a compressed gas cylinder. The CO2 was filtered through two 
glass tubes of activated alumina and potassium permanganate (air repair), which 
removes ethylene and other contaminants that could affect the plant response to 
CO 2 (Morrison and Gifford, 1984). The filtered CO2 was mixed with outside air, 
which was also metered by rotameters. The level of enrichment was monitored 
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using an infrared gas analyzer (Valtronics model #2015 BMC), and adjustments 
were made manually with the rotameters to give treatments of 340, 1200, and 2500 
µmol mo1-1 in each of the two replicate cylinders per treatment. Treatments were 
maintained at +5% of the set point. 
Determining Absorbed PPF 
Radiation absorption by the plant canopy was determined by measuring 
incoming and reflected PPF at the top of the canopy and transmitted and 
reflected PPF at the base of the canopy. Incidental radiation was measured by 
holding the photovoltaic cell vertically above the canopy. Reflected radiation was 
measured by turning the photovoltaic cell upside down, above the canopy. The 
amount of radiation in the photosynthetically active range (PAR) was then 
calculated using the formula of Gallo and Daughtry (1986): 
AP AR = (P ARo + RP ARs) - (TP AR + RP ARc) 
where AP AR is absorbed PAR, P AR 0 is incident PAR, RP AR. is PAR reflected 
by the substrate, TP AR is PAR transmitted through the plant canopy, and RP ARc 
is PAR reflected by the plant canopy. 
Root-zone Environment 
Nutrients 
A recirculating hydroponic solution was prepared using the nutrient salt 
concentrations listed in Appendix A to provide all the essential nutrients. 
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Aeration 
Aeration was provided by a rapid recirculation of the nutrient solution as it 
returned to a common reservoir serving all six tubs beneath the cylinders. 
Nutrient Flow 
A preliminary study was performed to determine the level of nutrient solution 
flow at which it becomes a limiting factor to plant growth and development 
Appendix B). Inlet manifolds at the bottom of each of the six tubs supporting the 
six cylinders were modified to provide a rapid and uniform flow to each of the 
tubs. The nutrient flow rate was well above the growth-limiting level. 
Solution pH 
The pH of the solution was maintained at 5.8 by connecting a pH controller 
(Omega model # PHCN-36) with a gel-filled electrode (Orion model # 91-06) to 
a solenoid-valve (Ansco model# ENC-1), which opened to allow 0.1M HN0 3 acid 
to drip into the reservoir when the pH rose to 5.8. Additional details ( of aeration, 
nutrient flow, and pH control) are given in Bugbee and Salisbury (1989b ). 
Cultural Procedures 
Seeding 
Sheets of an expanded rock wool medium (Grodan) 2 cm thick were cut into 
nine circles of 30 cm diameter and soaked with deionized water. After draining 
off the excess water, (to improve aeration and germination), seeds were planted at 
11 
a depth of 1 cm in the pre-cut rows to a planting density of 1750 seeds per m2• 
The dwarf cultivar Veery-10 was chosen because of the 50 cm height limitation 
imposed by the plexiglas cylinders. Each of six seeded circles were placed onto six 
35 cm diameter grids when the seedlings were approximately 3 cm tall, and placed 
onto plastic tubs containing deionized water. Nine such circles were planted and 
the six disks with the highest, most uniform germination, were chosen and sealed 
at the bottoms of the cylinders with tape. 
Closed-cell foam weather-stripping was placed around the top edge of the 
tubs to form a tight seal, which is necessary to maintain a moist environment for 
healthy root growth. 
Measurement of Plant Response 
The following parameters were measured as appropriate: 
1. Total dry mass 
2. Leaf dry mass 
3. Stem dry mass 
4. Root dry mass 
5. Seed dry mass 
6. Days to maturity 
7. Plant number 
8. Head number 
9. Seed number 
Standard growth analysis techniques were used to calculate the following 
parameters from the measured parameters: 
1. Percent leaf mass 
2. Percent root mass 
3. Tillers per plant 
4. Crop growth rate (g m·2 d·1) 
5. Seed yield (g m·2 d·1) 
6. Harvest index ( seed yield/total biomass) 
7. Heads per m2 
8. Seeds per head 
9. Mass per seed 
Experimental Design 
12 
Two replicate cylinders were used for each CO 2 level. The cylinders were ar-
ranged in a completely randomized design inside the growth chamber for all trials. 
The data from the two trials harvested at maturity were combined and analyzed as 
a nested design. The statistical models for the data analysis are shown in 
Appendix D. 
RESULTS 
70 and 82 d Trials: Emergence to Maturity 
Crop Growth Rate (CGR) 
The CGR is a measure of total dry biomass per unit ground area, per unit 
time (g m·2 d·1). The average increase in biomass accumulation when the CO2 
concentration was increased to 1200 µmol moI-1 was 26% over the ambient 
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( control) treatment (Fig. la). Increasing the CO2 level to 2500 µmo! mol·1 
(approximately 7 times ambient), resulted in an average 16% decrease in biomass 
accumulation compared to the 1200 µmol mol·1 level. These differences in the 
CGR were statistically significant at P = 0.10 (Table 1) when the data from both 
trials was analyzed. 
Seed Yield 
The average seed yield at the 1200 µmol moP CO2 concentration was 20% 
higher than the 340 µmol moI-1 level (Fig. lb). At the 2500 µmol mol·1 treatment 
level, there was a 31 % decrease in seed yield from the 1200 µmol moP treatment, 
and a decrease of 16% from the ambient treatment (Fig. lb). This was a highly 
significant difference between means for the 3 treatments (P > 0.007; Table 1). 
The reduced yield was the result of greatly reduced seed number per head (Fig. 
2b) coupled with a reduced number of fertile heads per m2 (Fig. 2a). 
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Harvest Index 
Harvest index (HI) is the ratio of edible biomass to total biomass. The 
average HI decreased 2% and 22% respectively from the value for the control 
CO
2 
concentration when the concentration was increased to 1200 and 2500 µ.mol 
moI-1 (Fig. le) respectively. The reduction in total biomass at the 2500 µ.mol mol·1 
concentration was not as great as the reduction in seed yield, and therefore the HI 
was reduced below the ambient level (P > 0.1; Table 1). 
Fertile Heads per m 2 (70 and 82 d Trials) 
The average number of fertile heads per m2 for the 1200 µ.mol mol·1 
treatment increased 37% over the control (Fig. 2a; 70 and 82-d trials). Fertile 
heads per m2 decreased 11 % at the 2500 µ.mol mol·1 level from the 1200 µ.mol 
moI-1, but this was still 21 % higher than the control. These differences were not 
statistically significant (P > 0.23; Table 1). 
Seeds per Head 
There was a substantial average decrease in seeds per head at the 2500 µ.mol 
moI-1 treatment from the number produced at the 340 or 1200 µ.mol moI-1 
treatments (decreases of 44% and 43% for the two trials) (Fig. 2b). These 
decreases were statistically significant at P = 0.10 (Table 1 ). 
Seeds per m 2 
There was an initial average increase of 33% in the number of seeds formed 
when the CO 2 level was enriched from 340 to 1200 µ.mol moI-1 (Fig. 2c ). The 
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number of seeds formed at the 2500 µ.mol moI-1 level was reduced 33% from the 
control level, and 50% below the 1200 µ.mol moI·1 treatment (Fig. 2c). The 
statistical significance of the difference in treatment means was low (P > 0.29; 
Table 1) due to the highly significant treatment by trial interaction (P = 0.02; 
Table 2). 
Mass per Seed 
There was a dramatic increase in the average mass per seed from the 1200 
µ.mol mol-1 to the 2500 µ.mol mol-1, and a slight decrease in mass per seed from 
the control level to the 1200 µ.mol moJ·1 in experiment 1 (Fig. 2d). A consistent 
slight decrease in mass per seed from the control level to the 1200 and 2500 µ.mo! 
moJ·1 CO 2 treatments was observed in experiment 2 (Fig. 2d). This produced a 
highly significant trial by treatment interaction (P > 0.001; Table 2). 
Percent Sterile Heads 
There was a decrease of 27% in the number of sterile heads produced from 
the control level to the 1200 µ.mo! moJ·1 treatment, and an increase of 27% more 
sterile heads when CO2 was increased from 1200 µ.mol mol·1 to 2500 µ.mo! moJ·
1 
(Fig. 3). The large differences between replications for a single treatment in 
either experiment were reflected in the low probability for a significant difference 
for treatment means (P > 0.60; Table 1). 
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70 d Trial: Emergence to Maturity 
Nutrient Uptake and Assimilation 
Plant samples were analyzed by ICP Emission Spectrophotometry for 
elemental concentration in seeds, leaves, stems, and roots. The levels of the 
macro- and micronutrients in the stems either increased and then decreased with 
increasing CO 2 concentration (magnesium, potassium, and manganese) (Fig. 4), 
decreased and then increased (calcium) (Fig. 4 ), steadily decreased (zinc) (Fig.4 ), 
or remained constant (boron, phosphorous, and iron) (Fig. 4). The nutrient levels 
of leaves and roots also show some effects of CO2 concentration (Fig. 5&6). All 
of the nutrients of the seed samples tended to decrease with increasing CO 2 
concentration (Fig. 7). The data were not statistically analyzed. 
21 d Trial: Emergence to Canopy Closure 
Crop Growth Rate (CGR) 
CGR increased 33% when the CO2 level was increased from 340 to 1200 
µmol moJ-1 (Fig. 8). An increase of 35% in the CGR was observed in the 2500 
µmol moI·1 treatment when compared to the control (Fig. 4). There was less than 
a 1 % increase in the CGR between the 1200 and 2500 µmol mol·1 treatments (Fig. 
8). The differences in treatment means were statistically significant at P = 0.10 
(Table 4). 
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Specific Leaf Area ( SLA) 
SLA is the ratio of leaf area to leaf weight. The SLA increased 17% when 
the CO 2 concentration increased from 340 to either 1200, or 2500 µmol moI-1 (Fig. 
9a). The increases were not significant, however (P > 0.40; Table 4). 
Percent Leaf Mass 
The percent leaf mass is the ratio of leaf dry mass to whole plant dry mass 
(x 100). There was a slight but steady decrease in percent leaf mass as the CO2 
concentration was increased from the control level to the 2500 µmol mol-1 
treatment level (Fig. 9b ). These very small differences in the treatment means 
(less than 3% ), are not significant at P = 0.10 (Table 4). 
Leaf Area Ratio ( LAR) 
LAR is the ratio of leaf area to total plant dry weight. Increases in the LAR 
of 16% and 14% were observed when the CO 2 level was increased to 1200 and 
2500 µmol moJ-1 respectively, from the ambient treatment (Fig. 9c). The observed 
differences in treatment means were not significant (P = 0.46; Table 4). 
Leaf Area Index ( LAI) 
LAI is the ratio of leaf area to ground area. LAI increased 51 % when the 
CO 2 level was increased from 340 to 1200, and there was no further increase at 
2500 µmol mol-1 (Fig. 9d). These differences were not statistically significant (P > 
0.14; Table 4). 
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Absorption of Photosynthetic Photon Flux 
There were very small differences in absorbed radiation over time due to CO2 
concentration (Fig. 10a). The data were not subjected to statistical analysis. 
Relative Humidity 
The relative humidity within the cylinders was modified by water transpired 
from the plant canopy. High CO2 concentrations cause stomates to close and 
reduce transpiration, which lowers the relative humidity (Fig. 11a). The 
differences in percent relative humidity between the 1200 and 2500 µmol moJ-1 
levels were small (Fig. lla), although both were lower than the ambient 
treatment. 
Percent Root Mass: All Trials 
Percent Root Mass: 70 and 82 d Trials 
There were no significant differences in average percent root mass from 
experiments 1 and 2 (P > 0.62; Table 1), and there was also a significant trial by 
treatment interaction (P > 0.03; Table 2) between the 70 and 82 d trials, which 
decreased the statistical significance for differences due to CO2 concentration. 
Figure 12 illustrates the high degree of variability between these two trials. 
Percent Root Mass: 21 d Trial 
The percent root mass increased 11 % from the control CO2 level to the 1200 
µmol moI-1 treatment level (Fig. 12). This increase in percent root mass was 
followed by a 5 % decrease when the CO2 level was further increased to 2500 
µmol mo1-1 (Fig. 7). The differences in treatment means are not statistically 
significant (P > 0.70; Table 4). 
Percent Root Mass: 42 d Trial 
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The values for the percent root mass show decreases of 11 % and 15 % as the 
CO 2 concentration was increased from the control level, to 1200 and 2500 µmol 
moI-1 respectively (Fig. 12). The differences in treatment means were not 
statistically significant (P > 0.42; Table 6). 
42 d Trial: Emergence to Anthesis 
Crop Growth Rate (CGR) 
As the CO2 concentration was increased from the control level to the 1200 
and 2500 µmol moI-1 treatments, there were increases of 5% and 6% respectively 
in the CGR (Fig. 4). These increases were not statistically significant (P > 0.38; 
Table 6), although any increase in the CGR reflects an increase in total biomass 
accumulation, as would be expected under conditions of CO2 enrichment. 
Heads per m 2 
The number of heads per m2 increased 2% and 13% as the CO 2 level was 
increased from 340 µmol moI-1, to 1200 and 2500 µmol mo1-1 respectively (Fig. 2a). 
The statistical significance of these differences was low (P > 0.23; Table 6), but 
these differences become biologically important in determining the final effects of 
CO
2 
enrichment on yield, as an increase in fertile heads per m2 could lead to 
higher yields. 
Absorbed Photosynthetic Photon Flux 
Absorbed PPF again showed only slight differences due to CO 2 treatment 
(Fig. 10b ). The data were not statistically analyzed. 
Percent Relative Humidity 
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The 1200 and 2500 µ.mol mol·1 CO2 concentrations were again higher than the 
control CO 2 level (Fig. 11b ). The relative differences are similar to the 21 d trial. 
The data were not statistically analyzed. 
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DISCUSSION 
It has been well established that increasing the CO2 concentration to 
approximately 3 times the normal atmospheric level of 340 µmol moJ-1 will result 
in more biomass accumulation (Kimball, 1983; Cure and Acock, 1986; Mortensen, 
1987;). The difference in biomass accumulation between experiments 1 and 2 
(Fig. la), was likely due to a lower PPF in experiment 2 caused by aging of the 
fluorescent lamps, and the double layer of fiberglass screen that was wrapped 
around the cylinders in the second long-term trial (82 d trial). The decreases in 
total biomass accumulation at the 2500 µmol mol·1 concentration may be due to a 
reduction in ribulose bisphosphate carboxylase (Rubisco) enzyme activity (Yelle et 
al., 1989b ), reduced carbonic anhydrase activity (Peet et al., 1986; Sage et al., 
1988), or possibly an accumulation of photosynthate , which leads to feedback 
inhibition of photosynthesis (Azcon-Bieto, 1983). Other, as yet unidentified 
metabolic factors, or a combination of the above mentioned factors, may also be 
responsible for the decreased growth rate. The differences in treatment means 
were statistically significant at P = 0.10, and the decrease in the CGR when the 
CO 2 concentration is increased from 1200 µmol mo1-1 to 2500 µmol moJ-1 may be 
biologically important in determining a toxic CO2 level. 
An increase in yield at CO2 concentrations of approximately 1200 µmol mol-1 
has been reported for several species of plants (Kimball, 1983; Cure and Acock, 
1986), including wheat (Fischer and Aguilar, 1976; Gifford, 1977; Gifford, 1979; 
Sionit and Strain, 1980; Havelka et al., 1984), although there was a report of no 
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1986), including wheat (Fischer and Aguilar, 1976; Gifford, 1977; Gifford, 1979; 
Sionit and Strain, 1980; Havelka et al., 1984), although there was a report of no 
significant increases in yield for cucumbers grown at CO2 concentrations at 
approximately this level (Peet, 1986). This may be due to differences in 
experimental procedures (Cure and Acock, 1986), or perhaps differences in plant 
response to CO2 enrichment between genera, or within a species (Cooper and 
Brun, 1967; Oberbauer et al., 1985). The differences in yield between experiments 
1 and 2 (Fig. lb) were probably due to a reduced photosynthetic rate at the lower 
light level of experiment 2. The reduction in yield at the high CO2 level (Fig. lb) 
may have been caused by reduced photosynthetic capacity for the reasons cited 
previously, or perhaps because of fewer available sinks for assimilation of 
photosynthate (Jolliffe and Ehret, 1985). 
The number of seeds per head is an important factor in seed yield, and a 
decrease in the number of seeds per head would be expected to lead to a 
decrease in seed yield. The large decline in seeds per head was the single greatest 
factor in reducing seed yield in the long-term trials, and appears to be the reason 
for the decline of the HI at the 2500 µmo! moJ-1 treatment. The toxic effects of 
high CO2 concentrations appear to have a greater influence on the reproductive 
capacity of wheat than on vegetative processes in long-term enrichment 
experiments. 
The data for differences in mass per seed in the two trials was difficult to 
interpret. Mass per seed increased in the 82 d trial probably as a result of 
increased photosynthate produced at the higher CO 2 concentration and 
transported to fewer sinks. 
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There was no consistent effect on root biomass accumulation in either short-
or long-term CO2 enrichment experiments. 
The increased SLA in the 21 d trial for both higher CO2 treatments should 
have increased the percent absorbed PPF and led to more total biomass 
accumulation at 1200 and 2500 µmol mol-1 CO2• The CGR clearly decreased at 
the 2500 µmo! moJ-1 concentration. This suggests that some inhibition of the 
photosynthetic mechanism was responsible for the decline. 
An increase in LAI could lead to an increase in the amount of radiation 
intercepted in the photosynthetic range, and increase total biomass. The increases 
in LAI caused by the increased CO 2 levels should have resulted in higher PPF 
absorption, but this was statistically insignificant. The observed small increases in 
percent absorbed PPF between the treatments was probably a minor factor in 
influencing the growth of the plants. The graph of PPF absorption vs time (Fig. 
6a), showed that the 2500 µmol mo1-1 treatment had a slightly higher absorption 
over the entire length of the experiment. The 1200 µmol mo1-1 treatment 
absorbances are lower than the ambient treatment, although they gradually 
increase over time until they approach the 340 µmol mol-1 CO 2 treatment values. 
The small differences in absorbed radiation may have contributed to the increased 
accumulation of biomass for both elevated CO2 treatments (Fig. 4), but this does 
not appear to be the primary responsible factor. The experiment with rice 
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(Appendix A) showed that the effects of CO2 enrichment on vegetative growth can 
be very similar between genera. 
The reduced transpiration rate of the plant canopy in the 21 and 42 d trials 
due to the closure of stomates might be expected to reduce the passive uptake of 
nutrients from the growth medium. The reduced transpiration rate was indicated 
by decreased humidity within the cylinders in which the plants were grown. A 
reduced passive uptake of the essential nutrients calcium and boron could reduce 
biomass accumulation and yield. The concentrations of these two passively 
absorbed essential elements were within normal levels, and the CGR for plants 
grown at the two higher CO2 concentrations in the 21 and 42 d trials actually 
increased (Fig. 4). This suggests that hydroponic culture provided all the 
necessary nutrients for plant growth. Data from seed, leaf, stem , and root samples 
shows that the concentrations of the other essential nutrients were within normal 
levels (Figs. 4, 5, 6, &7). The decreased yield and CGR for the 2500 µmol moJ-1 
treatment in the 70 and 82 d trials (Fig. la&b) was therefore probably not due to 
reduced nutrient uptake. 
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CONCLUSIONS 
1. Increasing the CO2 concentration from 340 to 1200 µmol mol·1 during the 
entire life cycle of wheat increased growth and yield, but decreased harvest index. 
This was evidenced by an increase in the crop growth rate, and a smaller increase 
in seed yield. 
2. Carbon dioxide increased yield primarily because of an increased number 
of fertile heads per m2, which increased the total number of seeds produced. 
3. Increasing the CO2 concentration from 1200 to 2500 µmo! moJ-1 produced 
toxic effects in both long-term studies as shown by a decrease in the CGR, and a 
decrease in seed yield. The reduced yield was primarily caused by a decrease in 
seeds per head. 
4. Increasing the CO2 concentration from 340 to 1200 µmo! mol·1 early in the 
life cycle increased CGR and Leaf Area Index. Additional CO2 enrichment to 
2500 µmol mol·1 up to 47 days of growth did not decrease any growth parameters, 
and did not appear to be toxic. 
5. PPF absorption was only slightly increased by increasing CO 2 concentration. 
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Table 1. Analysis of variance for treatment means: 70 and 82 d trials. 
Variable F Pr>F 
1-CGR 12.95 0.07 
2-Seed yield 144.20 0.007 
3-Harvest index 7.81 0.11 
4-Fertile heads per m2 3.43 0.23 
5-Seeds per head 10.35 0.09 
6-Mass per seed 0.59 0.63 
7-Percent root mass 0.60 0.62 
8-Percent sterile heads 0.67 0.60 
9-Seeds per m2 2.43 0.29 
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Table 2. Analysis of variance for treatment by trial interaction: 70 and 82 d trials. 
Variable F Pr>F 
1-CGR 6.40 0.06 
2-Seed yield 0.18 0.84 
3-Harvest index 1.72 0.29 
4-Fertile heads per m2 2.24 0.22 
5-Seeds per head 10.35 0.09 
6-Mass per seed 49.32 0.001 
7-Percent root mass 9.30 0.03 
8-Percent sterile heads 0.79 0.51 
9-Seeds per m2 952.0 0.02 
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Table 3. LSD. for treatment means: 70 and 82 d trials. 
Variable CO2 Concentration Mean 
(µ,mol moI-1) 
1-CGR 340 25.63 B 
1200 32.25 A 
2500 27.20 AB 
2-Seed yield 340 7.48 A 
1200 9.02 B 
2500 6.25 C 
3-Harvest index 340 29.33 A 
1200 28.63 A 
2500 22.88 A 
4-Fertile heads per m2 340 1517.00 A 
1200 2079.20 A 
2500 1845.80 A 
5-Seeds per head 340 10.75 A 
1200 10.54 A 
2500 6.02 A 
6-Mass per seed 340 0.035 A 
1200 0.032 A 
2500 0.050 A 
7-Percent root mass 340 4.78 A 
1200 4.13 A 
2500 5.48 A 
8-Percent sterile heads 340 13.50 A 
1200 9.85 A 
2500 13.50 A 
9-Seeds per m2 340 21567.2 A 
1200 16193.8 A 
2500 10810.5 A 
·Alpha = 0.05 
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Table 4. Analysis of variance for treatment means: 21 d trial 
Variable F Pr>F 
1-CGR 14.17 0.07 
2-Percent root mass 0.42 0.70 
3-Percent leaf mass 8.81 0.10 
4-Specific leaf area 1.48 0.40 
5-Leaf area ratio 1.18 0.46 
6-Leaf area index 5.96 0.14 
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Table 5. LSD. for treatment means: 21 d trial. 
Variable CO2 CONCENTRATION MEAN 
(µmo! moJ-1) 
1-CGR 340 21.76 B 
1200 29.04 A 
2500 29.30 A 
2-Percent root mass 340 12.30 A 
1200 13.65 A 
2500 12.95 A 
3-Percent leaf mass 340 71.33 A 
1200 70.42 A 
2500 69.37 A 
4-Specific leaf area 340 0.030 A 
1200 0.035 A 
2500 0.035 A 
5-1..eaf area ratio 340 21.38 A 
1200 24.88 A 
2500 24.37 A 
6-1..eaf area index 340 6.67 A 
1200 13.12 A 
2500 13.06 A 
·Alpha = 0.05 
Table 6. Analysis of variance for treatment means: 42 d trial 
Variable 
1-CGR 
2-Percent root mass 











Table 7. LSD for treatment means: 42 d trial 
Variable CO2 Concentration Mean 
(µmol moI-1) 
1-CGR 340 34.46 A 
1200 36.25 A 
2500 36.55 A 
2-Percent root mass 340 9.1 A 
1200 8.1 A 
2500 7.7 A 
3-Heads per m2 340 2043.5 A 
1200 2086.0 A 
2500 2327 0 A 
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Fig. 7 Elemental concentrations of seeds harvested at maturity (70 and 82 d after 
emergence). There were two replicate cylinders per CO 2 level and three 
subsamples per cylinder. 
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Fig. 8 Crop growth rate (total biomass) of plants grown until canopy closure 
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Fig. 9 (a) Specific leaf area, (b) percent leaf mass, ( c) leaf area ratio, and ( d) leaf 
area index of plants grown until canopy closure (21 d after emergence). There 
were two replicate cylinders per CO 2 level. +>--
--.J 
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Fig. 10 Percent absorbed photosynthetic photon flux (PPF) of plants grown until 
(a) canopy closure (21 ct after emergence), or (b) anthesis (42 ct after 
emergence) at 3 CO 2 concentrations, 340, 1200 or 2500 µmol moJ-1. 
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Fig. 11 Percent root mass of plants grown until canopy closure (21 d after 
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Fig. 12 Relative humidity of the atmosphere within the cylinders in which the 
plants were grown for plants grown until (a) canopy closure (21 d after 
emergence) or (b) an thesis ( 42 d after emergence). CO 2 
concentrations were 340, 1200 or 2500 µmo! mol·1• 
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APPENDICES 
Table 8. Nutrient formula 
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Fig. 13. A preliminary study was conducted with wheat to determine the 
optimal nutrient solution flow rate. The accumulation of dry biomass decreases 
sharply below a flow rate of 10 ml s·1 and the hydroponic system was therefore 
designed to produce a nutrient solution flow rate that exceeded 50 ml s·1 
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Appendix C 
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Fig.14. A related study was conducted using rice as the test plants. The 
experimental design was the same as for wheat and the plants were harvested 
after being subjected to the same CO 2 concentrations as the wheat. The plants 
were harvested after undergoing treatment for 27 days, at which time they had 
reached the maximum amount of growth allowed by the height of the cylinders. 
Only dry mass measurements were made in order to calculate a Crop Growth 
Rate. The graph of the CGR (see below) was quite similar to the one for wheat 
grown for 21 days under CO2 enrichment (Fig. 4). No statistical analysis of the 
data was made. The similarity of the results of this experiment with those of the 
21 day experiment with wheat indicates that the two crops respond similarly to 
CO 2 enrichment. 
Appendix D 
Table 9. Statistical models: 82, 70, 42, and 21 d trials. 
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Differences in treatment means were tested using the trial*treatment term. 
When there was a significant trial by treatment interaction, the probability of a 
difference in means due to treatment was low. The trial term refers to replicates 
in time. The treatment term refers to the three CO 2 levels. There were two 
cylinders per CO 2 level in each trial. 
